Participants
Patients were selected based on clinical presentation, tumor location, tumor progression, and/or palliative treatment in cases refractory to oncological treatment (Table  1) . This series included 12 tumors in 11 patients (6 boys, 5 girls) whose mean age was 10.3 years (range 4-17 years). Six patients underwent MRgLITT as a first-line treatment, 5 had undergone previous open surgery, and 3 had undergone oncological treatment that failed. The cases of Patients 2 and 5 were reported previously. 6, 25 Tumor histology revealed pilocytic astrocytoma (n = 6), ependymoma (n = 1), recurrent medulloblastoma (n = 1), choroid plexus xanthogranuloma (n = 2 lesions in 1 patient), subependymal giant cell astrocytoma (SEGA; n = 1), and ganglioglioma (n = 1). Tumor locations were the frontal lobe (n = 1), hypothalamus (n = 1), thalamus (n = 2), thalamus/ midbrain (n = 1), ventricles (n = 3), pons (n = 1), and posterior fossa (vermian, peduncle, and tentorial; n = 3). Framebased stereotaxis was used in 9 patients, and frameless stereotaxis was used in 2 patients.
Surgical Procedure
We previously described the surgical procedure used for these patients. 6, 25, 34 However, our surgical technique has evolved with the incorporation of some technical details, including frameless stereotaxis for infratentorial tumors and use of intraoperative MRI. All MRgLITT procedures were performed using the Visualase thermal laser system (Medtronic). Laser trajectories were planned according to preoperative MRI (with and without contrast, diffusion tensor imaging, and functional MRI, when needed) and reexamined on the day of surgery using a Navigation image-guided surgery workstation (Stryker) or iPlan treatment-planning software (BrainLAB).
The choice of a frame-based (Leksell frame [Elekta AB]) or frameless (VarioGuide [BrainLAB]) stereotactic technique was based on patient age, tumor size and location (supratentorial vs infratentorial), and tumor proximity to eloquent areas with lower tolerance for error (for which frame-based stereotaxis would be preferred). A biopsy sample was obtained during the same session for de novo lesions.
All procedures were performed after general anesthesia was induced. Our protocol included the administration of intravenous dexamethasone (0.5 mg/kg) at the beginning of the procedure and prophylactic antibiotics within half an hour of the skin incision. Prepping of the scalp entry zone was performed in a sterile fashion while avoiding clipping of the hair; the hair was parted and braided away from the surgical site to avoid hair pulling during drilling.
Frame-Based Stereotaxis
A frame-based stereotactic approach was preferred for small, deep, supratentorial tumors. The stereotactic frame and MR-lucent fiducial box were fitted in the operating theater. Once the patient was in the MRI suite, either a 1.5-T MRI (Signa EXCITE [GE Healthcare]) or intraoperative 3-T MR-OR (Ingenia [Philips Medical Systems]) machine was used to acquire trajectory calculations. T2-weighted Gd contrast-enhanced images were acquired as needed to visualize the tumor margins. All images were transferred to either the Stryker Navigation image-guided surgery workstation or the BrainLAB stereotactic iPlan software for coregistration of the acquired images to the Leksell frame coordinate system. Stereotactic trajectories were designed so that the laser could be inserted in the long axis of the tumor to allow for the maximal ablation diameter (1.5 cm) and multiple ablations along the same trajectory. Trajectories were reviewed on multiplanar 3D volume reconstructions of the MRI studies using the surgical view of the software and avoiding vascular or critical areas during laser insertion. Precise coordinates for the Leksell frame were used to perform the tumor biopsy and insertion of the cooling catheter and laser probe.
Frameless Stereotaxis
A frameless stereotactic approach was used primarily for infratentorial or superficial supratentorial tumors. Each patient was positioned prone with the head pinned (Sugita head holder [Mizuho] ); the VarioGuide aiming device and MRI-guided navigation system were coregistered. Care was taken to leave enough distance between the VarioGuide and the scalp to allow for insertion of the Visualase cranial bolt.
Technique
A guided drill hole was made carefully in the skull to create a single trajectory in the bone; this is the single most important factor for avoiding trajectory error. A sedan needle biopsy kit was used to obtain tumor samples while taking care not to cause significant intratumoral bleeding that could affect the ablative properties of the tissue. The cranial bolt was screwed and secured to the bone with a stylet in place, passing through the Leksell frame or VarioGuide to maintain the same trajectory. Next, the cooling catheter and laser probe were inserted through the bolt to the calculated target; the depth was marked with sterile tape at the top of the cranial bolt and the laser insertion site. 6, 25 Laser Interstitial Thermal Therapy Procedure
In the MRI suite, the laser was connected to the cooling pump, and the system software station was located in the reading room. A steady series of T1-weighted volume spoiled gradient-recalled MR images were obtained. A T1-weighted spin echo image including the laser probe was selected for the planning design in the thermal therapy software.
5,34 The 1.5-T MRI machine was used to obtain MR thermal images in a fast radiofrequency spoiled gradient-recalled echo sequence (FOV 24 × 24 cm; matrix 256 × 128; echo time 20 msec; repetition time 45 msec; flip angle 30°; bandwidth 12.6 kHz).
5 Later in our series, the intraoperative 3-T MR-OR machine was used to obtain images in a fast-field echo sequence (FOV 24 × 24 cm; matrix 252 × 126; echo time 10 msec; repetition time 40 msec; flip angle 19.50°; bandwidth 70 kHz). Acquisition of a single image required 6 seconds in the 1.5-T MRI machine and 5 seconds in the 3-T MR-OR machine. All MRgLITT procedures were performed using the Visualase thermal laser system, as we described previously. 34 The thermal ablation plan was designed by localizing 1 crossed high-temperature limit in the area of desired maximal ablation and 3 crossed low-temperature limits to shield the interface with the normal brain. Preoperative diffusion tensor images were used to avoid damaging the vital tracts. A test dose using 25% of the laser power was applied to verify applicator position and proper synchronization of the images and laser software. Subsequently, treatment doses were applied (Table 1) . Treatment was stopped by either the neurosurgeon, when the thermal map showed completed ablation (avoiding estimated tridimensional heating of the surrounding structures), or the software, when any temperature limit was reached.
3 Additional thermal ablation zones were created, if needed, by repeating a second local dose to extend the area of ablation or by pulling the laser fiber inside the cooling catheter by 5 mm. Initial and superimposed thermal ablation zones were saved to compose a final total ablation zone.
FLAIR and T1-weighted contrast-enhanced MR images were obtained postoperatively. Afterward, the patient was transported to the recovery room for removal of the frame (in the case of frame-based stereotaxis), cooling catheter, laser probe, and anchor. Each incision was closed with a single 3-0 Monocryl figure-8 stitch.
Postoperative regimen
After the procedure, each patient was observed in the pediatric intensive care or step-down unit overnight with a plan to be discharged on postoperative Day 1. Dexamethasone was continued with a 2-week weaning plan to prevent significant cerebral edema. A proton pump inhibitor was administered in conjunction with the dexamethasone for gastric protection. Routine postoperative visits occurred at 2 weeks and then every 2 to 3 months after treatment. Brain MRI was performed every 3 months (or earlier in the case of malignancy) to evaluate tumor size and volume.
Data analysis
Post-ablation clinical outcomes, follow-up images, and times were recorded. Preoperative, intraoperative, and postoperative MR images were reviewed to calculate tumor volume in cubic centimeters by measuring axial, coronal, and sagittal views of the tumor in a T1-weighted contrastenhanced series of images. The number of observations and mean tumor volume (± SD) at each time interval were calculated, and paired t-tests were performed to determine any statistical significance in tumor volume changes.
results

Patients and Mrglitt Data
Surgical details are presented in Table 1 . A single laser and multiple overlapping ablations were used in all the procedures. The mean laser dose was 10.23 W, and the mean total ablation time was 68.95 seconds. Nine patients experienced no complications, whereas 2 experienced post-ablation morbidity: transient right leg weakness in 1 patient and transient hemiparesis, akinetic mutism, and eye movement disorder in the other. Both patients improved over time with rehabilitation to functional and independent levels. The mean hospital stay was 3.25 days; however, although 9 patients had a hospital stay of 2 days, Patients 1 and 7 had hospital stays of 4 and 14 days, respectively, as a result of cerebral edema. The mean followup time was 24.5 months.
volumetric analyses
The mean initial target volume was 6.79 cm 3 , and the mean immediate post-ablation volume was 7.86 cm 3 ( Fig.  1) . The average tumor volume showed an expected slight increase immediately after the procedure 23 that was not statistically significant. Tumor volume decreased in the first 3 months after surgery (n = 11; p = 0.007) and continued to decrease by the 4-to 6-month follow-up (n = 11; mean volume 2.61 cm 3 ; p = 0.009) . The average tumor volume increased slightly at the 7-to 9-month follow-up because of an outlier (Patient 3, who had an SEGA). Subsequent reductions in tumor size at the 7-to 9-, 10-to 12-, and 15-to 36-month follow-ups had no statistical significance. Mean and structural equation modeling were plotted at each time point (Fig. 2) .
Postoperative imaging evaluations
Consistent postoperative imaging changes over time were observed in the ablated tumors.
10 Figure 3 shows a summary of the cases in our series.
illustrative cases case 1
A 17-year-old girl presented with headaches and a calcified midbrain-thalamic pilocytic astrocytoma. This was the first case in our series in which MRgLITT was used, and it involved the longest follow-up time. Also, to date, this is the only reported case of cystic pilocytic astrocytoma treated with LITT. Figure 4A shows T1-weighted contrast-enhanced MR images at presentation for Patient 1. She was treated initially with an endoscopic third ventriculostomy, cyst fenestration, and biopsy (Fig. 4B ) followed by MRgLITT (Fig. 4C) . Postoperative MRI performed on the day of ablation confirmed the anticipated changes described by Hawasli et al., 10 which consisted of a diffusion restriction ring at the margin of the treatment zone (Fig.  4D) , a new ring of contrast enhancement, peritumoral edema, and, in this case, an unexpected increase in lesion size (Fig. 4E ). Peritumoral and cyst edema decreased after 2 weeks, and the new rim of enhancement decreased with time (Fig. 4F) . The cyst was endoscopically refenestrated 6 months after surgery because of its increased size. The last follow-up at 36 months revealed no recurrence in this asymptomatic patient.
case 7
A 16-year-old boy with neurofibromatosis Type 1 (NF1) and a growing symptomatic right midbrain-thalamic pilocytic astrocytoma was treated initially with MRgLITT (Fig. 5) . This is the only case of this series in which clinical post-ablation edema was present. Preoperative tractography showed displacement of the fibers by the tumor (Fig. 5A ). Ablation was achieved by means of superimposed treatments retracting the laser fiber inside the cooling catheter, and thermal mapping showed the estimated final damage (Fig. 5B) . Postoperative FLAIR MR images were obtained on the day of ablation to display the treatment zone (Fig. 5C ). The patient was experiencing postoperative somnolence and left-sided weakness, and CT without contrast performed after ablation revealed significant edema (Fig. 5D) . One week after surgery, T1-weighted contrastenhanced MRI revealed a ring of contrast enhancement in the ablation zone and some resolution of the edema (Fig.  5E ). The enhancement rim progressively decreased with time (Fig. 5F ).
case 8
A 4-year-old boy with posterior fossa medulloblastoma and no metastatic disease underwent resection, chemotherapy, and stem cell rescue. After his second cycle of chemotherapy, a recurrent tumor was seen in the left pons (Fig. 6A) . Stereotactic MRgLITT was offered as a palliative treatment. Preablation T2-weighted sagittal oblique MRI revealed the laser fiber inside the tumor (Fig. 6B) . The ablation and final thermal damage estimate are shown in Fig. 6C . Postoperative MRI performed on the day of ablation showed typical new ring enhancement (Fig.   6D) . 10 Follow-up MRI revealed progressive reduction in ring-enhancement volume (Fig. 6E) . 10 The patient did not receive any additional chemotherapy after the MRgLITT. The follow-up at 17 months found no recurrence. This is the first case in our series in which MRgLITT was applied as adjuvant therapy for a tumor that was resistant to treatment. At the time of this writing, the patient had returned to school with no deficits, and strict follow-up remained in place.
Discussion
During the past decade, LITT has been reported as an alternative to conventional surgical interventions for brain tumors, especially in adults with malignant or metastatic disease. [3] [4] [5] 12, 22, 36 However, reports of its use in pediatric cases are scarce. 6 As a minimally invasive option, LITT offers several important advantages over other therapies for treatment of benign and malignant brain lesions. 38 These advantages are particularly relevant to the pediatric population. For one, LITT has no limitations with respect to patient age or Karnofsky Performance Scale status. In addition, the procedure can be performed with the administration of local anesthesia, moderate sedation, or general anesthesia, 12 and it is feasible and repeatable as often as indicated or as soon as tumor recurrence occurs. Laser interstitial thermal therapy can be used as a de novo or subsequent treatment, alone or in conjunction with other therapies, because it has no dose limitations. It does not require ionizing radiation (which adds to its applicability in small children) and has no reported adverse effects apart from expected edema. The therapy is capable of producing a predictable injury pattern that conforms to the size and shape of the lesion(s). Laser interstitial thermal therapy can be achieved in a single surgical session, for 1 or multiple lesions, with 1 or multiple lasers, and with a single or added laser ablation for each lesion. 38 Furthermore, LITT is MRI compatible, reduces operating time (especially in the setting of intraoperative MRI), and shortens the hospital stay. Finally, results of the procedure are cosmetically pleasing, it does not require suture removal, and it generates minimal discomfort, which provides patients and their families with an overall less traumatic experience.
Reported preclinical studies 15, 18, 19 have shown that LITT delivers controlled, customizable, precise, real-time thermal ablation under MR guidance. 34 Laser interstitial thermal therapy uses light absorption to induce thermocoagulation of target brain tissue. Chromospheres in the tumor absorb the photons emitted by the optical fiber, releasing heat and leading to cell death by direct thermal injury or subsequent apoptosis. 11, 29 The time/temperature ratio induced by the laser applicator is critical and has to be controlled. A fast or significant increase in temperature may cause explosive carbonization or vaporization of the target tissue, referred to as a "popcorn effect." 27 Nonetheless, the clinical indications of LITT are dynamic and innovative in consonance with neurosurgeon expertise with the application and limitations of the technology.
Here, we present our initial experience with MRgLITT for 4 supratentorial, 3 intraventricular, 1 thalamic/midbrain, 1 brainstem, and 3 infratentorial pediatric tumors. These cases represent select patients with deep-seated brain tumors, recurrent tumors, and other tumors that are difficult to identify intraoperatively (Case 5). Nine patients received MRgLITT as the initial therapy, whereas the other 3 patients (Cases 8-10) were offered MRgLITT as an alternative treatment for progressive disease when the tumor became resistant to adjuvant therapies. Volumetric followup, as noted in Fig. 1 , showed a progressive cytoreductive tumor effect. In addition, in 3 patients whose tumors were refractory to chemotherapy, the Karnofsky Performance Scale 15 status improved from 70 to 90 after MRgLITT, and chemotherapy had been discontinued since the ablation. At the time of this writing, these patients were still being kept under close oncological watch. Although this is a small cohort of tumors with a short follow-up, longer follow-up and later reports will further evaluate whether the effect of the laser is sufficient to prevent recurrence and whether a second ablation and/or different adjuvant treatment will be required.
We used a single laser trajectory in each patient, and no repeated treatments were required. However, in retrospect, based on the premise that the laser treatment creates elliptical lesions approximately 1.5-2 cm along the fiber and 1.0-1.5 cm transverse to the fiber, 42 the outlier patient with an SEGA (Case 3 [ Fig. 3] ) required the use of 2 laser probes given the tumor's large size and shape. The initial ablation destroyed only part of the tumor; a second trajectory should have aimed to ablate the tumor at the subependymal layer to detach it from its origin and vascularity. However, this patient was treated with everolimus begin- ning 7 months after ablation, and the tumor has since further decreased in size. Therefore, coadjuvant therapy has been more effective in this case. The total hospital stay in this series was shorter than that in previous studies. 10, 12 Nine of the 11 patients had an overall stay of 2 days, but 2 patients with deep lesions (Patients 1 and 7) stayed longer as a result of post-ablation edema.
Overcaution also was a factor in Patient 1, who had a cystic thalamic pilocytic astrocytoma. It is interesting to note that in this case, the already fenestrated cystic part of the tumor increased in size after ablation, probably because of the proteinaceous content of the cyst. We followed the cyst for 6 months, and although it decreased in size over time, we considered it appropriate to re-fenestrate it en- doscopically. This patient had the longest follow-up time in this series, and the residual part of the tumor seen on MRI corresponded to the calcified part of the lesion. Nonetheless, at the time of this writing, the patient was clinically asymptomatic and fully functional with no tumor regrowth after 3 years. Patient 7, who had NF1 and a midbrain-thalamic pilocytic astrocytoma, experienced severe acute post-ablation edema that caused dense hemiparesis, akinetic mutism, and eye movement disorder. We hypothesize that overheating of the 2D target area and the longer ablation time contributed to conductive heating of the peritumoral tissue. The patient showed concurrent hyponatremia and intraoperative fluid overload. Since then, we have been carefully monitoring these parameters intraoperatively. This patient was managed with higher doses of steroids (1 mg/kg/day) and 3% NaCl. The steroids were tapered off 2 weeks after surgery. The patient experienced progressive improvement after rehabilitation and, 18 months after ablation, had only residual mild hand weakness and dysarthria.
Patient 5 presented with seizures and postictal leg weakness. Seizure evaluation showed localization-related epilepsy caused by a frontal lesion believed to be a hamartoma. The patient experienced improvement in her leg weakness and became seizure free after ablation. Similar to other researchers, 7, 40 we have found that LITT is effective for select patients with focal epilepsy. 34 Post-ablation MRI features have been widely described 10 and were observed in our study. Initially, the tumor exhibits hemorrhagic necrosis, a new ring of diffusion restriction and contrast enhancement delineating the ablation zone, and peritumoral edema. Our follow-up images showed a lack of diffusion restriction, progressive reduction in ringenhancement size, and resolution of edema. In addition, volumetric outcomes were consistent; in only 1 case of regrowth (SEGA) was ablation considered suboptimal.
limitations
We previously reported our experience with the Visualase thermal laser system. 6, 25, 34 The system was designed to simultaneously control ablation and generate color-coded temperature maps, which are overlaid on MR images. 13, 22, 34 An irreversible damage zone is calculated based on time and temperature data from individual voxels in the treatment area 18 and subsequent cellular death. 39 To date, based on this initial experience, we do not have enough data to specify the different time/temperature ratios that are adequate for the various types of tissue and brain tumors. We realize that a particular set of parameters or thresholds may provide a better prediction of ablation for each type of tissue and would demonstrate how the laser should be used for diverse pathologies. However, some studies have found that tissue damage caused by thermal ablation can be tissue-type dependent. 42 Moreover, tumors with similar histological grades have been shown to have variable responses to LITT, 16, [30] [31] [32] which makes it very challenging to standardize tumor-specific laser protocols. As explained earlier, the software links the temperature limits and the voxels in the image. The laser is turned off automatically if any temperature limit is reached. 7, 34 Nevertheless, the current software is restricted to using single or 2D T1-weighted spin echo sequences. The selected static image used for target planning and mapping includes the applicator and the visible portion of the tumor. Consequently, there is a lack of tumor volumetric data, which forces the surgeon to calculate the area of thermal damage on the different planes on pre-ablation MR images. Furthermore, the cross-marked symbols used for the thermal limits are not exact enough to delineate the border between the lesion and healthy surrounding fibers. This factor is particularly critical when precise microsurgical limits of ablation are crucial for preventing postprocedure morbidity. In our series, the estimated sharp transition between the target ablation area and viable tissue 35 looked to be adequate for the thermal damage image. However, the extended injury from the laser can be larger. Because the ablation zone depends on applied laser power, if the heat produced is maintained above a threshold temperature (usually 45°C), the tissue will irreversibly coagulate and change the optical properties of energy absorption, which would lead to a localized increase in tumor temperature and a spread of thermal energy to the neighboring regions. Hence, while the lesion surface is being ablated, adjacent tissue may become inadvertently coagulated and show post-ablation apoptosis and edema.
When reviewing the post-ablation T2-weighted FLAIR MR images of the patient with a brainstem tumor and postoperative edema (Fig. 5C ), we can appreciate the signal outside the area of ablation. Because ablation was performed in the coronal plane, leakage of thermal energy to the surrounding tissue in the axial and sagittal planes probably contributed to the significant post-ablation swelling. Using the current software, we might avoid this leakage by setting the temperature limits inside the borders of the lesion and by taking care not to extend the ablation further once the planned thermal map has been reached.
The results of preliminary quantitative analysis of our outcomes, which reveal progressive reduction in tumor volume, are promising. However, this was a small heterogeneous series of patients with short-to medium-length follow-ups.
Future considerations
We have discussed the current indications for MRgLITT. Our results suggest that MRgLITT can be considered a de novo treatment or an alternative to second-look procedures for surgically challenging recurrent or residual tumors. Furthermore, because the blood-brain barrier is modulated or opened during, and for a defined period after, MRgLITT, the effect of targeted therapy might be improved in the case of malignancy. 37, 38 The addition of MRgLITT to nanotechnology may be of great value to nanoparticle-enhanced ablation treatments and enable much deeper optical penetration into the tumor. 1, 20, 24 Magnetic resonance-guided LITT systems are expected to evolve and be compatible with robotic and computerized simulation applications. Upgrades should include improved tools for planning and insertion, volumetric MR-guided ablation monitoring, and tuning optimal temperature limits.
conclusions
Surgical and technological innovations are necessary for the advancement of neurosurgery. As with any new technology, there is a learning curve associated with MRgLITT that requires a full understanding of laser properties and the optical characteristics of different tissues.
We have reported the initial outcomes of MRgLITT in a heterogeneous sample of pediatric intracranial tumors. This technique has proven to be an effective first-or second-line treatment for select patients.
Laser interstitial thermal therapy offers many advantages that could positively influence compliance to treatment and improve quality of life for pediatric patients with intracranial neoplasms by avoiding or attenuating the collateral effects of adjuvant therapies. Nonetheless, this is only an early statement, and multiinstitutional clinical trials are necessary to evaluate the use of LITT in different types of tumors to standardize practices and create treatment algorithms.
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